Abstract In the context of medical three-dimensional (3D) printing, in addition to 3D reconstruction from cross-sectional imaging, graphic design plays a role in developing and/or enhancing 3D-printed models. A custom prototype modular 3D model of the liver was graphically designed depicting segmental anatomy of the parenchyma containing color-coded hepatic vasculature and biliary tree. Subsequently, 3D printing was performed using transparent resin for the surface of the liver and polyamide material to develop hollow internal structures that allow for passage of catheters and wires. A number of concepts were incorporated into the model. A representative mass with surrounding feeding arterial supply was embedded to demonstrate tumor embolization. A straight narrow hollow tract connecting the mass to the surface of the liver, displaying the path of a biopsy device's needle, and the concept of needle Bthrow^length was designed. A connection between the middle hepatic and right portal veins was created to demonstrate transjugular intrahepatic portosystemic shunt (TIPS) placement. A hollow amorphous structure representing an abscess was created to allow the demonstration of drainage catheter placement with the formation of pigtail tip. Percutaneous biliary drain and cholecystostomy tube placement were also represented. The skills of graphic designers may be utilized in creating highly customized 3D-printed models. A model was developed for the demonstration and simulation of multiple hepatobiliary interventions, for training purposes, patient counseling and consenting, and as a prototype for future development of a functioning interventional phantom.
Abbreviations

3D
Three-dimensional STL STereoLithography or Standard Tessellation Language TIPS Transjugular intrahepatic portosystemic shunt Background Three-dimensional (3D) printing-also referred to as additive manufacturing or rapid prototyping-allows for the fabrication of a 3D solid object most commonly from a STereoLithography (STL) file via numerous techniques in a layer-by-layer fashion [1] . The applications for 3D printing in the biosciences have burgeoned in the past decade with the creation of an accurate representation of biological tissues and organs as the most widespread and reported clinical use for 3D printing. These 3D-printed objects are increasingly becoming integrated into clinical practice in numerous disciplines ranging from neurosurgery to cardiology for the purposes of surgical/interventional planning and simulation, medical education and training, patient counseling, and research [1, 2] . Despite the recent increase in usage and broadening of the applications for 3D-printed phantoms, there remains a dearth of literature on 3D-printed liver models. As the hepatobiliary system exhibits complex and varied spatial relationships, particularly among vascular and biliary structures, it is ideal for 3D modeling.
Traditionally, training models of the hepatobiliary system have been via virtual reality, computer-generated 3D reconstructions, or through manufactured and animal physical models [3] [4] [5] . Virtual reality is an advanced simulation option that allows users to practice hepatobiliary procedures and their complications under life-like conditions with, for example, incorporation of patient respiration and haptic feedback [4] . This technology, however, is constrained by its costliness and its decreased ability to teach spatial relationships among structures secondary to unrealistic sizing and its requirement to be viewed on a 2D monitor despite representing 3D objects. This latter disadvantage also applies to viewing surface-rendered 3D reconstructed models [3] . In contrast, manufactured and animal physical models can display the complex anatomy of the hepatobiliary system in 3D [5] . But again, high cost and lack of reusability, customizability, and reproducibility limit their usefulness. With the advent of 3D printing comes a means to improve upon these previous limitations and create phantoms that exhibit higher fidelity, availability, customizability, and reproducibility, requiring less manufacturing time, while being more cost-effective than existing technologies over the long-term.
As 3D printing of hepatobiliary phantoms is still relatively new, there are only a limited number of studies published on the creation and use of these phantoms (Table 1) . Prototypes have been successfully manufactured and applied to the fields of transplant medicine, pediatrics, and surgery. More specifically, patient-specific liver models have been utilized to enhance pre-surgical planning for donor-liver transplantation and for hepatectomy for hepatocellular carcinoma, improving the safety of these procedures [6, 7] . Both procedures require intimate detail of patient-specific anatomy, as there tends to be great variation among biliary and vascular structures. The 3D models were useful in bolstering comprehension of 3D spatial relationships among critical structures. 3D-printed liver models have also been shown to be effective tools in teaching the anatomy of hepatic segments to medical students [8] . The fastest growing and most innovative use for liver phantoms is procedure simulations; thus far, phantom simulations have been reported for laparoscopic choledochal cyst excision surgery and hepatoblastoma resection in pediatric patients and endoscopic ultrasound-guided biliary drainage [9] [10] [11] . Despite the fact that 3D-printed models for procedure simulation are ideally suited for interventional radiology, there are currently no reports of a hepatobiliary phantom having been manufactured for this purpose or for specific use in this field. Hence, we set out to create a prototypical, highly customizable, and costeffective 3D-printed hepatobiliary phantom that could not only showcase the anatomy of this complex system but could also set the stage for the development of advanced functional interventional phantoms that allow for full simulation of a number of hepatobiliary interventions. To this end, the services of a graphic designer were implemented to create initial design and subsequent modifications and enhancements tailored towards the educational goals in mind.
Methods
The model comprises two groups of individual parts with each group consisting of four components. One group is the liver surface (Fig. 1) , which also depicts the segmental anatomy and is made of transparent resin material (Fig. 2) . The other is a series of hollow thin-walled tubular structures composed of polyamide material (specifically nylon), representing the vasculature and biliary system (Fig. 6) . A graphic artist, whose services were obtained through an online service (FlatPyramid.com) for freelance graphic designers for a $500 fee, custom-designed the 3D digital model based on design specifications; these were outlined in numerous initial 2D diagrams and figures as well as hand-drawn sketches, explaining the exact detail of the anatomy. For example, the horizontal plane separating the top and bottom rows of liver segments is based on a straight line encompassing the left and right portal veins, and each of the three vertically oriented planes separating the column of segments is created by one of the hepatic veins (Fig. 1a) . This 3D digital model was also used for a few other projects, including an interactive virtual tutorial on liver anatomy as well as a smaller 3D-printed model for teaching the segmental anatomy [12] . Based on the needs of the envisioned 8-piece model, multiple subsequent modifications were made to the 3D digital model, such as hollowing of the vasculature and biliary system, creating thickness for each of the liver surface pieces, and fitting of the internal structures through the gap between the liver surface pieces that appose one another at the liver hilum (Fig. 5) .
Modification of the graphically designed model was accomplished through use of Autodesk 3D Studio Max, a powerful software that is widely used in graphic design, on a PC-based computer with a quad core 2.66 GHz processor and 16 GB of RAM. At the time of this submission, a freeware full version can be obtained through a student/ educator license for educational purposes for up to 3 years. It is important to note that strong processing power and a large amount of RAM is necessary to perform the 3D processing and modification of complex 3D meshes. This is especially crucial in cases where 3D meshes are the result of 3D reconstruction from cross-sectional imaging data; this, in part, explains why this project was not done using those types of 3D meshes (Figs. 3 and 4) . The requirement for a high processing power can even further be minimized by working with graphically designed models with a smaller number of faces, but at the cost of smoothness of the surfaces.
Fitting of models into one another is a very important consideration during the digital design stage; therefore, significant care must be taken to assure proper eventual physical compatibility of the entire model once assembled. For example, the inside structures (i.e., vasculature and hepatobiliary system) have to be fitted through the separation planes between the surface pieces (Fig. 5) . Even the representative needle tracts from the surface to the abscess and the mass were designed such that they fall onto the separation plane of each piece, thereby cutting each tract in half (Fig. 4) . This would allow placement of fluid in the abscess site to demonstrate or practice creation of a pigtail tip of a catheter or to place an actual soft object in the representative area for a mass to practice going through the steps of performing a biopsy. Creation of adequate space in its designated area for each tubular structure as it passes through the separation plane between the surface pieces can be performed via the Bsubtraction^Boolean operation of the 3D Studio Max software. Even then, a slight increase in the diameter of the hole needs to be incorporated to allow for proper physical fitting once the components are 3D printed. For the surface parts, the goal is to have smooth transparent objects, for which the color brown was chosen, representing the color of the liver. As for the hollow tubular structures, the goal is to minimize wall thickness while maintaining reasonable sturdiness. The portal system was assigned the color purple, hepatic veins blue, hepatic arteries red, and the biliary system green. The concept of minimum wall thickness is an important consideration in 3D printing and is directly related to the overall size of a given model. Generally speaking, when 3D meshes are designed or 3D reconstructions are performed from imaging, the resultant product consists of surface rendering. Unless an object is being 3D printed with the intent of being completely solid (filled), the design has to be such that the inside is hollowed by creating an arbitrary wall thickness; this means that the inside aspect of the surface has its own faces projecting inwards, just as, for example, a vessel does. The diameter of any given wall depends on the design characteristics and on the material that is to be used during 3D printing. The minimum wall thickness is known for each material, which for polyamide-the material used for the tubular structures-is 1 mm [13] . The 3D printability of a model can be checked using 3D Studio Max's BSTL Check^modifier. This can also be accomplished with freeware software tools, such as Meshlab or Slicer, which allow for some semi-automatic corrections. The Materialise Cloud (cloud.materialise.com) is a valuable service, where numerous solutions for common challenges in 3D printing are made available online. These tools include BSTL converter,^Bmodel analyzer,^Bmodel repair,^Bparameter extraction,^Bwall thickness analyzer,^Bscaling,^Btriangle reduction,^and Bhollowing.T ransparent resin models (Fig. 2) were constructed via stereolithography, the process of conversion of liquid resin to solid form with an ultraviolet light laser. Polyamide models (Fig. 6 ) were constructed from a white, very fine, granular powder, resulting in strong, somewhat flexible material that can endure small impacts and resist some pressure while being bent. Selective laser sintering, conversion of powder into solid form using laser, is utilized to build designs with this material, which allows for a high degree of freedom of design compared to all the 3D printing techniques. These models were then spray-painted based on the desired colors. The 3D printing and spraypainting were performed through i.Materialise, a commercial online platform for 3D printing services [13] . The total cost of the eight pieces (four polyamide and four transparent resin) was just under $1000, with each piece ranging from $100-$180. Dimensions for each piece ranged from 3.8 cm for the smallest diameter to 19 cm for the largest. Appropriate wall thickness for the structures was chosen with special consideration of cost-effectiveness, visibility, and durability, with the assistance of engineers at i.Materialise. Eventually, the model was assembled, with the liver surface pieces attached to each other using transparent adhesive tape.
Results
The final 3D-printed model is demonstrated in Fig. 7 . A representative mass was embedded at the junction of segments VII and VIII of the liver with its surrounding feeding arterial supply allowing for the demonstration of tumor embolization (Fig. 4) . A straight narrow hollow tract connects the mass to the surface of the liver, displaying the path of a biopsy device's needle (18 gauge) and the concept of needle throw length. The tract can fit an 18-gauge needle. A hollow, walled-off amorphous structure representing an abscess was created inferior to the mass again at the junction of segments VII and VIII, allowing for the demonstration of a drainage catheter (8 French) placement with formation of a pigtail tip (Fig. 4) . A connection between the middle hepatic and right portal veins was also created to allow for the demonstration of stent placement during TIPS procedure (Fig. 8) . There was also a hole created on the liver surface for displaying percutaneous biliary drain placement, which can extend through the common bile duct (Fig. 4d) . Another straight connection was created from the surface of the inferior edge of the liver coursing through the parenchyma into the hollowed gallbladder to exhibit percutaneous cholecystostomy tube placement (Fig. 3) .
Discussion
Graphic designers are professionals that utilize dedicated software in order to create 2D or 3D visual representations in static or animated form. In the setting of 3D printing, the skills of 3D graphic artists may be implemented to develop or modify design, be it for highly detailed and specific anatomic models or for simulation models. Graphic designers have the ability to create a perfected design that is geometrically developed from the initial stages. This allows for much easier modification and manipulation both from a design standpoint and also during preparation for 3D printing, meaning that STL errors are much less likely to arise. Having the ability to start with minimum needed polygons counts allows for faster and more robust processing by 3D software when complicated models are added together. For example, when developing a modular design with a multi-part nature, even if printed separately and only for the purpose of checking compatibility, this aspect provides a great advantage. Furthermore, professional graphic designers are intimately familiar with the features and capabilities of 3D design software, giving It is noteworthy to mention that other professionals aside from graphic artists can serve the role of a graphic designer, such as biomedical engineers, radiology technicians, and even radiologists. However, simply being familiar with certain software and using its advanced features efficiently are two different concepts. Communication between graphic designers and physicians or biomedical engineers can at times be challenging, given the potential complexity of the anatomy or design needs. It would be ideal to have face-to-face interactions during communications, but this may not always be possible, as it had not been in our case. Numerous back-and-forth emails, sketches, schematics, and screenshots were exchanged to arrive at the final model. This can be a difficult process to predict when the initial price estimate is being agreed upon. More advanced needs may arise during the design which may require additional time commitment from the graphic artist and therefore incurring further costs. Therefore, being familiar with at least one professional 3D graphic design software at the beginner or intermediate level can somewhat obviate some of that need.
While it is true that a person's cross-sectional imaging can be modified to meet custom simulator design needs, the perfection and noise-free nature of geometrically developed meshes is at times incomparable. For example, adding wall thickness to reconstructed models can create unwanted crossing and overlapping of edges and planes that eventually may cause numerous STL errors. For designing simulators, there are many occasions where multiple pieces are to be assembled, either due to the nature of design or the need for different materials. Extracting the aortic valve, for example, from the wall of the aorta is much harder when it is reconstructed as a single mesh from a cardiac CT angiogram as opposed to when both have been separately designed by a graphic artist. It is noteworthy to mention that perhaps combining CT/MR In this technical note, developing a highly customizable modular 3D-printed liver prototype was discussed, with a graphic designer serving at the core of this process. This model depicts the segmental anatomy of the parenchyma as well as the hepatic vasculature and biliary tree. The components are colorcoded for easy identification of structures, and the outer shell is transparent, providing good visibility of internal structures. Interventional radiologists and residents can employ these models to visualize patient-specific anatomy or common variations of anatomy in three dimensions. This becomes of great importance in hepatobiliary interventions, as considerable variation exists within this system. Outside the field of interventional radiology, this model has potential for use in pre-clinical medical education for learning anatomy. It can supplement current anatomy teaching methods by bypassing the limited access that students have to cadavers and providing another avenue for students to learn hepatic segments and the complex spatial relationships of vascular and biliary structures.
In addition to its ability to help teach hepatobiliary anatomy, this model has the added benefit of having hollow internal structures, which, in turn, enables catheters and tubing to be passed through it. To our knowledge, this is the first 3D-printed phantom of its kind that can be utilized for the practice, planning, and eventually, simulation of a number of diagnostic and therapeutic hepatobiliary interventional procedures. These include stent placement during TIPS, hepatic artery embolization, abscess drainage, catheter placement with formation of a pigtail tip, and percutaneous cholecystostomy tube placement. This model also allows users to conceptually understand needle throw length and to visualize a splenic artery aneurysm. Having the opportunity to engage in advanced pre-interventional planning and procedure simulation/practice has important implications for patient care, as they lead to better outcomes following procedures with fewer complications and shorter patient recovery times [6, 11] .
Patients have also been shown to be more satisfied with their care when providers employ these models when counseling them; in comparison to using no visual aids or the patient's imaging, utilizing patient-specific 3D-printed phantoms helps patients better understand their disease processes and the surgeries that will be performed on them [14] . Similarly, interventional radiologists may use 3D-printed models to explain complex anatomy to patients, explain how guidance is used, and allay their concerns about the accuracy of needle or catheter placement. Overall, this model is multi-faceted in the roles it can serve in interventional radiology and has the ability to further meet the needs of users by being highly customizable. While its versatility is arguably its greatest advantage, the model also benefits from being easily reproducible and reusable and for being cost-effective. To this last point, note that while the model is comparable in price to other 3D-printed models, it will become even more costeffective as the technology of 3D printing improves and becomes more widespread.
While there are multiple advantages to this model, as have been laid out in this report, there are some limitations to both using 3D printing, particularly as related to the graphic design stage, and to our model specifically. In terms of 3D printing, the initial graphic design of where lumens had to be connected, for example, the lumen of the hepatic veins that need to be connected to the lumen of the inferior vena cava (IVC). b Indicating areas where holes had to be created in the middle hepatic vein and the right portal vein to accommodate each end of the TIPS stent. c, d Design instructions for creating a window in the bifurcation of the portal vein to allow for visibility of the wire during TIPS procedure. The plan for the cut piece areas in the portal vein and the middle hepatic vein that were to be replaced with transparent pieces had to be abandoned due to 3D printability limitations especially given the relatively small size of the structures complicated 3D meshes requires advanced skills. Since most healthcare providers never encounter the need for such skills, it is probably best that the initial design be either done by professional 3D graphic artists or obtained from commercial online repositories that provide 3D models, such as TurboSquid.com. Subsequently, making changes to such models is possible. Based on the needs and the skill level of the user, there are numerous powerful 3D design software available, freeware or proprietary, including Autodesk 3DS Max, Autodesk 123D, Freeform Modeling Plus from 3D Systems, Google SketchUp, 3dtin, Tinkercad, Rhino, ZBrush, and Maya. Choosing the ideal software can be difficult, but trial versions are always available along with an extensive array of tutorials.
One of the greatest challenges in design is creating 3D models that can truly exist in the real physical world. There is a long list of requirements pertaining to this subject, which is beyond the scope of this technical note, but we will briefly mention two of the most common errors that may arise: Bnonmanifold^and Bmixed normals^errors. Manifoldness refers to the fact that models cannot be Bopen,^i.e., containing Bholes^not part of the intended design; all vertices must eventually be connected to create a solid form. In other words, an object needs to essentially be Bwatertight^to exist in the real world. Models additionally cannot contain coincident edges and overlapping faces. Furthermore, faces must all be appropriately facing inwards or outwards; this refers to the concept of normals, which are vectors that are perpendicular to each face of the surface of a 3D mesh. These potential errors are often impossible to spot through visual inspection of the outside of the model alone and therefore require special software, such as 3D Studio Max, Meshlab, Blender, Slicer, NetFabb, Spaceclaim, or Materialise. Materialise has an array of software especially useful in medical 3D printing; Mimics is used primarily for image segmentation, Magics for STL cleanup, 3Matic for STL modifications, and inPrint for quick, streamlined, and simpler medical 3D printing, especially for cardiac and orthopedic applications.
More specific to our model, its assembly is slightly cumbersome, as the outer shell components had to be put together using transparent adhesive tape. The model also exhibits some physical vulnerability, as there was breakage of the component connecting the hepatic vein and portal vein used for TIPS simulation during the 3D processing step. Another limitation is that this model's percutaneous biliary drain placement simulation is not completely realistic, as access is generally obtained from a much more peripheral part of the biliary tree. The model's absence of a liver parenchyma is another downside, as it restricts opportunity for tactile feedback. These shortcomings can be addressed in the future, especially with multi-material 3D printers (e.g., the Stratasys Objet Connex J750), which can simultaneously print up to seven materials, one of which is only support material and not a modeling material [15] . But cost would still likely be a limitation. Perhaps molding techniques, while using material such as silicone, may be an alternative consideration.
In addition to overcoming these previous shortcomings, future directions will also include developing fixtures and clasps and/or areas for magnet placement to allow for easy assembly and disassembly. Another likely change is the substitution of the materials that compose the internal structures with ones that allow for greater flexibility while still maintaining the desired luminal diameter and wall thickness. Furthermore, to simulate contrast injection and thus allow for a more accurate simulation of interventional procedures, a future endeavor will be to attach a pump system to internal structures to allow for continuous flow of fluid. A challenge would be developing a replaceable access site where multiple needle entries can be performed. The creation of a multimodality-compatible phantom is also another likely future step [16] . The ultimate direction of this technology is the production of patient-specific hepatobiliary models that allow users to practice and plan interventional procedures preoperatively and to become familiar with the patient's unique anatomy. Of note, while this model has great potential and is quite versatile, a future prototype will need to be devised to eventually measure its efficacy and validity in teaching trainees as well as to determine its true clinical utility.
